The hemodynamic effects of phasic variations in intrathoracic pressure (ITP) timed to the cardiac cycle were predicted by a mathematical model and were compared with data from canine experimental studies. The model was used to predict the hemodynamic effects of changing the onset of the ITP rise relative to the start of cardiac systole, as well as the hemodynamic effects of changes in the duration and amplitude of the ITP rise. The predictions of the model were compared with hemodynamic data from seven anesthetized dogs. Cardiac function was depressed with large doses of verapamil and propranolol, and the hearts were atrioventricular sequentially paced at a rate of 72 beats/rain. Phasic ITP variations were generated by a perithoracic vest and were electronically timed to the cardiac cycle. The model predicted, and the experimental data confirmed, that phasic intrathoracic pressure variations generated by vest inflation, timed to the cardiac cycle, can augment both peak and mean aortic flow. The following predictions of the model were also confirmed by the experimental data: 1) Maximum flow augmentation occurs when the onset of the ITP rise is simultaneous with the onset of left ventricular isovolumic contraction, and the ITP rise has a duration of 400 msec.
gain wide acceptance because it was cumbersome and uncomfortable. In pilot studies, cyclic intrathoracic pressure variations, timed to the cardiac cycle, significantly augmented carotid flow and aortic pressure in dogs with pharmacologically induced heart failure. 13 Those latter studies suggested that the precise timing of the intrathoracic pressure (ITP) rise relative to the cardiac cycle was important in maximizing the flow augmentation produced by the technique.
Recently, Pinsky et al M studied the effects of jet ventilation in intubated dogs whose cardiac function was depressed with )3-blockers. They observed a maximum "cycle specific" increase in left ventricular stroke volume when the jet pulses occurred during systole and the abdomen was bound. Their results are confusing, however, in that when the abdomen was not bound, the cycle specificity was not present. Those data suggest that a mechanism associated with jet ventilation alone may have a greater effect on the stroke volume than the direct effects of the ITP changes. In addition, only relatively low levels of ITP variations (up to 9.8 mm Hg) of fixed duration (20% of cardiac cycle time) were studied with the jet ventilator.
A vest system recently developed for cardiopulmonary resuscitation (CPR) 15 -' 7 offers an efficient means of generating increases in ITP. Its controller allows precise adjustment of the duration, amplitude, and timing of the ITP rise relative to the cardiac cycle. This device has generated renewed interest in the use of ITP variations timed to the cardiac cycle to assist the failing heart.
We hypothesized that the degree of assist to the failing heart is a complex function of the characteristics of the intrathoracic pressure variations (timing relative to the cardiac cycle, duration, amplitude, and shape) and the parameters of the cardiovascular system. We used a mathematical model, based on a predefined set of assumptions, to predict the effects on the cardiovascular system of the timing of the ITP variation relative to the cardiac cycle and of the duration and amplitude of the ITP variation. The predictions of the model were compared with hemodynamic data from canine studies under matched hemodynamic conditions. Using these comparisons, we could test whether any flow augmentation produced by phasic ITP variations could be explained solely by the effects of the ITP variations on the various cardiovascular structures or whether other factors had to be considered. Using the model, we could then perform an analysis to define which of the cardiovascular parameters were most important in determining the degree of flow augmentation and in predicting the experimental results.
Materials and Methods

Construction of the Mathematical Model
The model for cardiac assist has previously been described in detail. 18 A short description is given, heod and neck circulation intracranial vain* intracranial arterie* thorax . pulmonary arteries pulmonarỹ abdomen " ' Rp peripheral circulation FIGURE Table I for explanation of symbols). Flow limitation is assumed to occur at the inferior vena cava at the level of the diaphragm. and the mathematical basis for the model is explained in the "Appendix." The vascular system is represented by segmented lumped parameter sections. Each section is represented by a resistance, inductance, and capacitance and is characterized by two linear first-order differential equations: dP i /dt=[Q i -Q i _,]/C, dQ./dt
Schematic diagram of the mathematical model. The cardiovascular system is divided into head and neck, thorax, abdomen, and peripheral circulations. All four cardiac valves are simulated as well as the venous valves at the neck and abdominal outlet. Each of the vascular compartments is represented by resistance (R), capacitance (C), and inductance (L) elements (see
where Pj and Qj are the pressure and input flow to the ith segment, and Q, L^ and Rj are its capacitance, inductance, and resistance, respectively. As seen in Figure 1 , the systemic circulation is divided into upper body (head and neck), thoracic, abdominal, and peripheral circulations. The pulmonary circulation is represented by arterial, microcirculatory, and venous resistances, with corresponding capacitance and inductance values.
The heart. All four cardiac chambers are represented in the model. The atria are assumed to be passive capacitances. Each ventricle is represented by a time-varying elastance, E(t), defined by the equation P=E(t) [V-V d ], where P is the transmural pressure, V is the volume, and V d is the volume axis intercept at zero pressure of the maximum elastance (EmaJ ' m e -The instantaneous capacitance of each ventricle is inversely related to its E(t). The cardiac valves are represented by resistors that allow only unidirectional flow; that is, they are assigned very high resistance values for backward flow.
Venous valving. Valves in the neck and in the femoral veins are assumed to be 100% competent. A functional change in the resistance of the inferior vena cava (IVC) at the level of the diaphragm during the high ITP phase partially reduces backflow of blood during that part of the cycle. This change in resistance is consistent with "Starling Resistor" flow limitation at that location, suggested by the large pressure gradient that has been measured in the IVC over the short distance where it crosses the diaphragm. 19 We estimated the resistance values for the uncollapsed vena caval segment on the basis of known dimensions of that segment and known blood viscosity using the Poiseuille equation. The resistance of the "collapsed" segment was estimated from the level of back-flow at the IVC during vest inflation, which we measured. Since the amount of flow limitation in this vena caval segment is controversial, we tested the sensitivity of aortic flow augmentation to the magnitude of flow limitation at this site.
Intrathoracic and intra-abdominal pressure changes. Intrathoracic and intra-abdominal pressure changes can be simulated independently in this model. ITP is defined as the average pressure surrounding the heart and major vessels in the chest. It was assumed that a small increment in ITP (dP) which occurs over a short time interval (dt) will cause a pressure increment of dP in all blood cavities within the chest. A similar assumption was made for intra-abdominal pressure. These assumptions are based on the idea that the transmural pressure of a vessel does not change unless there is flow causing a change in its volume and/or shape. The effect of cyclic pressure variations can thus be modeled by changing ITP or intra-abdominal pressure in small increments each time solving for the new values of flows and pressures in the system.
Baseline parameter values. Accurate determination of all the parameters of a complex, multiparametric model is impossible. We adjusted the parameters of the model, however, to approximate the general characteristics of a 20-kg dog. The average parameters for that preparation were estimated from data discussed previously 1820 and are listed in Table 1 . The resistances of the various peripheral beds were estimated from known flows and perfusion pressures. The resistance and inertia of the larger vessels were estimated from the dimensions of the vessels using Poiseuille's equation (R=8TJ1/ •n • r 4 ) for resistance, and L=p • I/A for inertia (TJ, blood viscosity; 1, length of vessel segment; r, radius of vessel; p, blood specific gravity; A, cross sectional area of vessel). The capacitance of different compartments of the cardiovascular system were estimated from detailed data on pressurevolume relations. 21 A ratio of 25 to 50 was kept between the capacitance of corresponding venous and arterial compartments. 22 Left ventricular (LV) elastance was taken from well-established data. 23 Right ventricular (RV) elastance was assumed to be one fifth of the LV elastance.
Solution of the model. The model was run on a Data General MV8000 computer. A set of 32 firstorder differential equations were solved by the sixth-order Runge-Kutta-Verner method, using steps of 0.01 seconds. After each time step, the valve status was checked and modified, if necessary, to represent open or closed valves.
Experimental Measurements
Preparation. Seven 20-25-kg mongrel dogs were anesthetized by an intravenous injection of phenobarbital (4 mg/kg), intubated, and ventilated by a volume cycled respirator (model 710A, Harvard Apparatus, South Natick, Massachusetts). The ventilator rate was set to 18 breaths/min with a tidal volume of 350 ml. The animals were kept in the supine position for the duration of the study and were given supplemental phenobarbital as needed. A left-sided thoracotomy was performed and an aortic flowmeter (model 501 A, Carolina Biological Supply Co, Burlington, North Carolina) was placed over the ascending aorta just above the orifice of the coronary arteries. The flowmeter was calibrated with blood before and after the initiation of these experiments. Bipolar atria! and ventricular electrodes were sewn to the left atrial appendage and to the LV apex, respectively. The chest was closed air-tight, and micromanometer-tipped catheters (PC-470, Millar Instruments, Houston, Texas) were inserted via the femoral veins and arteries and positioned in the right atrium, left ventricle, and fThe values for the total peripheral resistance and capacitance are the combined equivalent values of the indicated resistances or capacitances (see Figure I and Table 1 ). The ratio between the individual resistances and capacitances was kept constant whenever one value was changed. thoracic aorta. Pressure and flow waveforms were recorded on an oscillographic recorder (model 480, Gould Inc, Cleveland, Ohio) and were digitized at a rate of 100 Hz by a microcomputer and stored on disk. After baseline measurements of aortic flow and aortic, LV, and right atrial pressures, cardiac contractility was depressed with high doses of intravenous propranolol (23±12 mg) and verapamil (23±13 mg). Since most of the dogs developed bradycardia and complete atrioventricular (A-V) block with these medications, the heart was A-V sequentially paced at a rate of 72 beats/min with a fixed A-V pacing interval of 100 msec, once severe bradycardia (<72 beats/min) developed. This fixed A-V interval was essential for precise timing of the vest inflation to ventricular contraction since the atrial spike was used to trigger the vest with various delays. After cardiac function was significantly depressed, as indicated by a decrease in flow of 40% or more and a decrease in aortic pressure to values below 100 mm Hg (see Table 2 ), 5 minutes were allowed to elapse so that we could confirm hemodynamic stabilization, and the study was then begun.
To generate ITP variations, we used an inflatable thoracic vest, pressure-connected to a pneumatic system, controlled by solenoid valves, and fed by an external source of compressed air. A dedicated computer controlled the timing and duration of vest inflation relative to the atrial signal of an A-V sequential pacemaker. The amplitude of the vest pressure was set by controlling the pressure in an intermediate chamber in the system. The dogs continued to be ventilated during cardiac assist with the same rate and tidal volume as before cardiac depression (18 breaths/min and 350 ml, respectively).
Experimental protocol. Once stable cardiac depression was achieved, the effects on hemodynamics of manipulation of the following characteristics of the ITP variation were studied: 1) the timing of the rise in ITP relative to the start of ventricular systole; 2) the duration of the increase in ITP; and 3) the amplitude of the ITP variation. Timing was quantified in terms of delay, where delay equaled the amount of time the onset of the rise in ITP occurred after the start of LV contraction (a negative delay would indicate that the onset of the rise in ITP preceded the start of LV contraction). Timing was changed such that the ITP rise started by as much as 120 msec before the start of LV isovolumic contraction (delay=-120 msec) or by as much as 220 msec after the start of LV isovolumic contraction (delay=220 msec). The duration of the ITP rise was changed from 200-600 msec in increments of 100 msec, and the amplitude of the ITP rise was changed from 10 to 60 mm Hg.
The protocol consisted of randomly selecting one value of timing, duration, and amplitude. ITP variations with those characteristics were then applied as an intervention. The hemodynamic effects of that intervention were recorded and compared with the hemodynamics before and after that intervention. The protocol was then repeated with other combinations of ITP characteristics.
An illustration of the timing and duration characteristics of the computer simulation is shown in Figure 2 and is used to clarify the modes used both in the simulations and in the experiments. The left panel shows the duration of the ITP pulse changed between 200 and 600 msec while the onset of the rise in ITP was kept synchronous with the start of LV isovolumic contraction (duration study). The right panel shows the onset of the rise of the ITP wave changed from 120 msec before (delay=-120 msec) to 220 msec after (delay=220 msec) the start of LV isovolumic contraction, with the duration of ITP wave kept constant at 300 msec (timing study).
In two dogs, a flowmeter was placed in the IVC close to its junction with the right atrium to estimate the degree of back-flow during the high-pressure waves. Simultaneous pressure measurements in the 80-
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Duration (DUR) and timing of simulated intrathoracic pressure (ITP) waves. In the duration study (left), the onset of the ITP rise was kept synchronous with the start of left ventricular (LV) isovolumic contraction, and the duration of the wave was progressively increased. Conversely, in the timing study (right), the duration was kept constant at 300 msec, and the timing of the ITP wave relative to the start of LV isovolumic contraction was changed. Delay is the amount of time the start of the ITP wave occurs after the start of LV contraction.
right atrium and the abdominal portion of the IVC were performed in these dogs to assess the magnitude of the pressure gradient across the diaphragm.
In three dogs, the LV elastance (E^J was evaluated before and after cardiac depression. The dogs were anesthetized, intubated, and ventilated as before. An impedance catheter 24 was positioned in the LV, and an inflatable balloon catheter was positioned in the IVC. The data during IVC occlusion were gathered as described by Kass et al. 25 Pressure-volume loops were obtained on line by an x-y scope (Tektronix, Beaverton, Oregon) or by computer graphics after the pressure and volume data were digitized. Cardiac depression was induced as above.
Analysis of experimental data. Values of pressures and flows were obtained from 5-second averages. Maximum and minimum pressures were referenced to atmosphere. Differences in paired data were tested with the two-tailed paired t test. Differences among groups of data were tested with covariance analysis. A value of p<0.05 was considered statistically significant. Data are expressed as mean±SEM.
Simulations Based on Experimental Data
Refinement of parameter values. After the initial estimate of parameters, the model was run and the steady-state pressures and flows in the different locations were compared with the measured arterial pressures and cardiac output. The following steps were then taken to adjust the simulation to the average experimental results (see Table 2B for the parameters that were adjusted):
1) The heart rate was fixed during the experiments at 72 beats/min, which resulted in a cycle of 830 msec. This was used in the model as the basic heart rate, and based on measurements in the same dogs, the contraction duration of the ventricles (the time from the foot of the isovolumic contraction to the end of the isovolumic relaxation) was set at 400 msec.
2) The LV elastance was assumed to be 6 mm Hg/ ml based on available literature for an average dog.
Since these values may be dependent on the type of preparation used, the LV elastance was later verified in three dogs with the conductance volume catheter as detailed below. The RV elastance is not yet established in the literature since it is difficult to measure RV volume. Therefore, we arbitrarily chose an RV elastance that was one fifth of the LV value.
3) The simulated aortic flow and pressure were found to be most sensitive to three variables: the LV elastance, the peripheral resistance (Table 1) , and the blood volume in excess of the unstressed volume. The arterial pulse pressure at a given stroke volume depended mostly on the arterial capacitance. The total peripheral resistance was the parallel combination of the peripheral (Rp), brain (Rbr), and abdominal (R,b) resistances as detailed in Table 1, Table 2B , and Figure 1 . The ratio between these resistances was kept constant whenever one value was changed, which resembles the physiological response of the cardiovascular system to change. The Rp and the blood volume in excess of unstressed volume were modified so that both the aortic flow and pressure were within 15% of the mean experimental values. The arterial capacitance was also modified as noted in Table 2B . Further adjustments were thought to be unnecessary since we aimed to simulate an average dog that is within the general experimental range obtained here. Note also that all the other parameters detailed in Table 1 were left unchanged.
4) Simulation of severe, pharmacological cardiac depression was made by a decrease of RV and LV elastances to 0.4 and 2 mm Hg/ml, respectively. This was done rather arbitrarily and yielded aortic pressure and flow that were within 15% of the average experimental values. Note that this simulation was a pure decrease in contractility without any further modification of either peripheral resistance or blood volume. Other simulations of even more severe cardiac depression used smaller elastance values (verified in a few dogs as detailed below) but included increases in blood volume to maintain the observed blood pressures and flow.
We should emphasize that no specific combinations of parameters in our model exactly matched the experimental conditions in a specific dog. It is impossible to pinpoint all the parameters and determine the physiological range of validity since experimental data are incomplete. Nevertheless, the model was a reasonable approximation of the average conditions. Since all the cardiovascular parameters cannot be assessed uniquely and are also subject to variation, a sensitivity analysis was required to determine which parameters were most important in determining flow augmentation.
Simulation protocol. Superimposed ITP waves with different amplitudes, durations, and delays, matching the experimental data shown in Figure 2 , were added to the simulation. In the experiments, ITP changes induced by vest inflation were estimated from the change in right atrial pressure over baseline. 26 Right atrial pressure changes should be similar to ITP changes since the transmural right atrial pressure is relatively low and not subject to major changes during cyclic changes in right atrial volume. In the simulations, the ITP waveform was half-sinusoidal. In the experiments, since no further beat-to-beat changes were seen after 15 beats, a 20-beat sequence was selected to achieve stabilization for each change in either model parameter or ITP setup. The resulting hemodynamics were then printed and compared with the matched depressed state (control). Flow augmentation was defined as the average aortic flow during the assisted state minus the matched control.
Stroke work. For each case the stroke work (SW) was calculated from the equation
where t^, and t^ are end-systolic and end-diastolic times, PTO) is the instantaneous LV transmural pressures, and CL>(t) is the instantaneous aortic flow. The diastolic work performed on the LV (W<j) was calculated by
where QJ\) is the mitral flow. This definition of stroke work is consistent with the classic definition of stroke work as the area enclosed within the ventricular pressure-volume loop, except that we used transmural rather than absolute pressures. When the ITP is zero, the two definitions are identical. Table 2 lists simulated hemodynamics and those measured in dogs before and after depression of ventricular function. In the dogs, depressing the heart function resulted in a 40% reduction in aortic flow (p<0.01), a 34% reduction in systolic aortic pressure (p<0.01), and a marked decrease in the maximum rate of LV pressure rise, dP/dt^j,, (/?<0.001). In the model, the depressed state was initially simulated by a decrease in the RV and LV elastance from 1.2 and 6 mm Hg/ml to 0.4 and 2 mm Hg/ml respectively (one third of normal) while the peripheral resistance and the other parameters of the circulation were kept constant. These changes in elastances resulted in a decrease in the aortic flow of 44% and in the peak systolic pressure of 45%, which were similar to the results obtained experimentally. A parallel decrease in the value of dP/dt^ was also typical for the simulated depressed state. Figure 3 shows a simulation of pressures and flows in the depressed state with no circulatory assistance (A) and with circulatory assistance by a half-sinusoidal ITP wave (B and C). Note that the ITP wave, rather than the vest pressure, is used as the input parameter into the model. This is justified since the experiments used specific values of ITP rather than vest pressure. Two modes of assist are shown: a synchronous mode (B), where the beginning of the half-sinusoidal ITP wave was simultaneous with the beginning of the LV isovolumic contraction, and a delayed mode (C), where the start of the ITP wave occurred 220 msec after the start of LV isovolumic contraction. In both B and C, the duration of the pressure wave was 300 msec. Note that the ITP waves affect the right atrial pressure in both modes. Systolic aortic pressure and peak systolic flow increased when the rise in ITP was synchronous with the start of systole. When the rise in ITP was delayed relative to the start of ventricular systole, there was no increase in systolic aortic pressure, and there was a decrease in the peak systolic flow. Figure 4 (top) shows comparable results from one of the experiments. Similar changes from the nonassisted state are noted in right atrial pressure, aortic pressure, and aortic flow for the synchronous and delayed modes of assist.
Results
Hemodynamics
In both the synchronized and delayed modes, IVC back flow at the level of the diaphragm during high ITP was predicted. IVC flow (5 cm above the diaphragm) measured during one of the experiments is shown in Figure 4 (bottom). There was considerable back flow during the high thoracic pressure phase of the cycle, as was predicted by the model.
Effect of the shape of the pressure wave onflow augmentation. A synchronous assist mode in one dog is shown in Figure 5 . Note that the shape of the vest pressure waveform is different from that of a half sinusoid. Note also that the right atrial pressure waveform has a shape similar to that of the vest pressure (although of a different magnitude), as in Figure 4 . A close correlation between ITP and right atrial pressure has been suggested previously. 26 To test whether the shape of the ITP waveform may alter the amount of flow augmentation, we modified the shape of the ITP waveform in our model to make it a closer approximation of the vest pressure waveform in the experiments. We assumed that the shape of the ITP waveform was similar to that of the vest pressure (but with a smaller magnitude) and, therefore, used a waveform with a linear rise of pressure, a plateau, and an exponential decline. A simulation using this latter approximation of the ITP waveform is shown in Figure 6 . Simulated hemodynamics using the more complicated wave- Table 3 . Note that the differences between the two cases are small. Thus, there is no significant improvement in the accuracy of the prediction by using the more complicated waveform. Effect of timing of the ITP wave on the magnitude of flow augmentation. The delay of the ITP wave relative to ventricular contraction was varied, both in the simulations and in the experiments, between -120 msec (onset of the ITP waves preceding the beginning of LV isovolumic contraction; see Figure  2 ) and 220 msec (onset of ITP waves starting after the beginning of ventricular isovolumic contractions). For this comparison, the amplitudes of the ITP waves were held between 25 and 30 mm Hg and their durations were held at 300 msec. Table 4 shows the simulated effects of timing on the pressures and flows. Note that the model predicted that the synchronous and near-synchronous modes would produce the greatest flow augmentation, while the other modes would produce less flow augmentation or could even be detrimental. With the synchronous and near-synchronous modes of assist, the model predicted that there would be a decrease in LV end-diastolic volume and in aortic transmural pressure. Ejection times were predicted to shorten most with the most efficient, that is, synchronous, assists. Less augmentation in flow and higher stroke work were predicted for the nonsynchronous modes of assist. In Figure 7 , for various delays, the average aortic flow increase measured in the experiments (ITP pulse duration of 300 msec) is compared with two simulations using the same duration, the first for an LV elastance of 2 mm Hg/ml and the second for an elastance of 0.5 mm Hg/ml. Note that with the simulations as well as with the experimental results, the greatest augmentation in flow occurs with the synchronous and near-synchronous modes of assist (p<0.01 for delay=-40, 0,40 msec versus delay=220 msec; p<0.05 for delay=40, -40 msec versus delay= -120 msec; analysis of covariance). by the model was higher for the lower elastance value and was similar to the experimental results. The augmentation in aortic pressure for the two simulations is compared with the experimental results in Table 5 . Note that an increase in systolic aortic pressure was predicted and measured for the synchronous assist modes. In the early and delayed modes, however, where some augmentation was measured in the experiments, the model predicted no pressure augmentation for the larger elastance, although some was predicted for the smaller elastance.
A simulation of a timing study with a nonoptimal ITP duration of 600 msec is also shown in Figure 7 . Less flow augmentation is obtained during the synchronous mode as compared with the shorter duration case. In addition, when delay is introduced, flow reduction rather than augmentation is observed.
Effect of the duration of the ITP wave on the magnitude of flow augmentation. The duration of the pressure wave was changed between 200 and 600 msec (25% to 70% of the whole cardiac cycle) both in the model and in the experiments. The timing of the start of the rise in ITP was held constant and occurred simultaneously with the beginning of the isovolumic contraction. Table 6 lists the values of pressures and flows predicted by the model for various durations. Note that the highest flows were predicted for durations of 300 and 400 msec. Figure 8 compares the simulation (using elastance values of E mM =2 and 0.5 mm Hg/ml) with experimental results for the delay=0 mode. A simulation for a delay of 220 msec (E mM =0.5 mm Hg/ml) is also shown for comparison. Note that with both the simulations and the experiments, the maximum augmentation in flow occurred when the duration of the ITP rise was 300 to 400 msec. Analysis of covariance showed that when the duration was 400 msec, there was more flow augmentation than when the duration was 200 or 600 msec (p<0.05). Note also that when the delay was 220 msec, the model predicted that the flow augmentation was much less or negative, compared with no delay. Some flow augmentation was predicted at the shorter durations in this delayed mode, but as the duration increased and ITP extended into diastole, a decrease in flow was predicted.
Measurements ofLV elastance. As shown above, the model predicts that the magnitude of flow augmentation is strongly dependent on E^. Thus, to evaluate whether the E™, values we used in the simulations were close to actual values in hearts with depressed function, we measured E^ before and after cardiac depression in three dogs. The results for one dog are shown in Figure 9 . In that dog, E^ decreased from 5.7 to 0.4 mm Hg/ml. In the second dog, the peak LV pressure was depressed from 160 to 110 mm Hg, and E^, decreased from 6.1 to 1.6 mm Hg/ml. E^, could not be measured at further depression due to technical limitations. In the third dog, E^ was reduced from 6.2 to 1.7 mm Hg/ml (for a systolic pressure decrease from 110 to 40 mm Hg). Thus, after cardiac depression in the experiments, Em,, was between 1.7 and 0. 4 which is within the range resulting in reasonable predictions by the model. Effect of the amplitude of the pressure wave. The effect of the amplitude of the ITP wave on the augmentation of flow was predicted by the model and compared with measured data. The results of simulations for ITP waves of two amplitudes are shown in Table 7 . The model predicted a linear relation between the amount of flow augmentation and the amplitude of the ITP wave, for a synchronous mode of assist. Figure 10 and 50-60 mm Hg. Note that the experiments showed that flow augmentation increased as the ITP amplitude increased to 30-40 mm Hg but did not further increase as the ITP amplitude was further increased. The model's prediction of a linear relation between flow augmentation and ITP amplitude are consistent with the experimental results in the lower amplitude range but deviate from the experimental data when the ITP rise was higher. To test whether the effect of amplitude of the IIP wave was similar over a broad range of ITP durations, we predicted flow augmentation at different durations for three levels of ITP wave amplitudes (Figure 11 ). Note that as simulated FTP was increased, the curves shifted upward but had similar shapes.
Effect of abdominal pressure transfer. Although the vest was designed to generate ITP variations, it has been documented that 10-100% of the ITP is transmitted to the abdomen depending on experimental conditions. The effect of the transmission of ITP to the abdomen was simulated, and the predictions are presented in Table 8 . Note that if abdominal pressure was 30% of ITP (30% transmission), the model predicted that there was only a minor decrease in aortic flow. This 30% transmission is typical of a dog with an unbound abdomen. Even if there was 100% transmission of ITP to the abdomen, the model predicted a further but still minor decrease in aortic flow. Thus, the model predicted that pressure transmission from the thoracic cavity to the abdomen should have only a minor effect on hemodynamics.
Effect of vena cava back-flow. During the high pressure phase of the ITP wave, a pressure gradient between the thoracic and abdominal veins is generated, forcing blood to move backwards. We studied the effect of the degree of vena caval back-flow during the high ITP phase on the degree of aortic flow augmentation in the model by assigning different values of resistance to the IVC during the high-pressure phase of the ITP wave. These resistance values were above and below the physiological range that could be estimated from the measured retrograde flow shown in Figure 4 . No further augmentation in aortic flow was predicted by the model when the vena caval back-flow was below the level of back-flow measured experimentally. As shown in Table 9 , the simulation suggests that the greater the vena caval back-flow during the highpressure phase of the ITP wave, the less flow augmentation would be produced. A significant effect is noted, however, only for relatively large back-flows that were greater than those measured experimentally. Because the amount of observed back-flow was too small to be explained without flow limitation, a flow limitation mechanism at the vena cava was incorporated into the model. The existence of flow limitation at the IVC during the high ITP phase was further supported by measured pressure gradients of 20 mm Hg over a short distance of 1-2 cm at the IVC near the diaphragm. Thus, flow limitation at the IVC seems to be important in preventing large venous back-flows, but the magnitude of aortic flow augmentation is not sensitive to changes in vena caval back-flows in the physiological range of measurements.
Sensitivity of flow augmentation to other parameters. We suspected that different parameters of the vascular tree as well as cardiac performance could Ao, aortic; E^,, maximum elastance; 1TP, intrathroracic pressure; RA, right atrial.
effect the degree of flow augmentation achieved with constant ITP timing and duration modes. Therefore, the possible contributions of arterial and venous capacitance, pulmonary and systemic resistance, and the degree of LV impairment, to the magnitude of flow augmentation, were also predicted with the model. The results are summarized in Table 10 . It was predicted that a fourfold increase in the arterial and venous capacitance or in the pulmonary or peripheral resistance would have only a small effect on the magnitude of flow augmentation. Decreases in these values were also shown to have only a minor effect on flow augmentation. In general, the model's response to parameter manipulation was very stable over a wide range of parameter values, and there was no narrow range beyond which the model became unstable. Inertial forces played a relatively minor role, and the smaller changes in their values had only a very small effect on the magnitudes of aortic pressure and flow. The resistances of the large vessels also had only a small effect, which is not surprising. Obviously, a change in the small vessel resistance of each of the parallel circulations will change the flow to that region accordingly. The effect of changes in arterial capacitance was mainly on the arterial pulse pressure. Venous capacitance, although known to have a major effect on cardiovascular control, had a very small effect on the system during steady-state conditions.
As shown before, and as will be further discussed, the parameter that had the greatest effect on the amount of flow augmentation was the ventricular elastance, with a higher augmentation for the lower elastance values and a lower augmentation at higher elastance values.
Relation betweenflow augmentation andE^. To show the dependency of flow augmentation on Eî n further detail, we predicted flow augmentation for a wide range of E^ values ( Figure 12 ). The parameters of the circulation were not changed. Note that for the large E^ values, the dependence of flow augmentation on E^ is relatively small, whereas for the low E,,^ values the augmentation is more sensitive to £",". The experimental range of Em* we measured in severe cardiac depression resulted in flow augmentation of 100-200 ml/min.
Discussion
Both the simulations and the experimental measurements showed that cyclic ITP variations may assist the failing heart and that the effect is greatest when the ITP rise starts simultaneously with the start of ventricular contraction and has a duration of 300-400 msec. Both the simulations and the experiments showed that if the ITP rise starts considerably before or after the beginning of ventricular contraction, or if the duration of the ITP wave is either too long or too short, flow augmentation declines and may even become negative. This is consistent with previous studies 13 that have shown that ITP waves generated in synchrony with the QRS augment carotid flow and have a maximum effect when the ITP rise occurs slightly before the start of ventricular contraction. It was predicted by the model that during the assist, LV peak outflow increases, LV end-diastolic volume decreases, and LV stroke work calculated on the basis of the transmural LV pressure also decreases. The model predicted that the decrease in LV end-diastolic volume is caused by interference with venous inflow by the cyclic high pressure in the thorax and the augmented LV ejection. Assuming no change in ventricular elastance during the assist, the increase in the peak aortic flow (predicted by the model and verified by experiments) that occurs with decreased LV volume may be explained by a decrease in the LV transmural pressures during ejection. The model predicted that the combined decrease in the LV volume and transmural pressure results in a markedly reduced LV stroke work. This cardiac assist method should, therefore, increase aortic flow while decreasing cardiac work expenditure. When compared with the intra-aortic balloon pump, it is clear that while ITP assist requires systolic inflations, intra-aortic balloon pump assist uses diastolic inflations, reflecting a basic difference in the mechanisms of assistance. The major effect of ITP assist is unloading of the ventricle with secondary increase in flow to all body organs, whereas the major effect of intra-aortic balloon pump may be an increase in coronary perfusion pressure as well as systolic unloading.
To gain insight into the physiology of circulatory assistance by ITP variations, we plotted simulated pressure-volume loops for E miI =2 and 0.5 mm Hg/ ml, both before and during synchronous-mode assist ( Figure 13 ). For the assist, the taller loops were generated using the absolute LV pressure, while the shorter loops were generated using the transmural LV pressure. Note that the end-systolic point during the assist falls on the E^ line for the loop calculated on the basis of transmural pressure. Note also the marked decrease in both the systolic and diastolic LV transmural pressures during the assist. When £,"" is lower, the end-systolic point shows a larger leftward shift, with the assist resulting in a greater augmentation of stroke volume. In both cases, the LV stroke work calculated on the basis of transmural LV pressure (transmural work) is lower than the preassist value. The absolute stroke work is defined as the pressure-volume loop area using the absolute LV pressures and includes both LV transmural work and the external work of the ITP on the circulation. The latter is thus calculated by the absolute stroke work minus LV transmural work and represents the extra work that was added to the system by virtue of the ITP waves.
The effect on heart function of changes in ITP caused by respiration has been intensively investigated in the past. It has been shown that raising ITP by positive end expiratory pressure may decrease aortic flow. 27 However, in severe heart failure, elevated ITP by means of abdominal binding during respiration resulted in increased aortic flow at comparable levels of transmural left atrial and right atrial pressures both in the dog 6 and man. 5 A decreased afterload to the LV was suggested as the mechanism. In all those studies, the effects of timing of the pressure wave relative to the ventricular contraction was not studied except for a recent 14 study discussed below. Our study suggests that the timing and duration of the pressure wave are among the most important factors in modifying the interaction between the heart and ITP. Sorroff et al 
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There are several differences between our theoretical and experimental results and Pinsky et al's 14 experimental results. Our findings do not support the non-cyclic-specific (independent of the timing of inflation) flow augmentation seen when the abdomen was unbound which Pinsky et al 14 reported. Although we do agree that systolic ITP pulses have the most favorable effect, our model did not predict and our experimental data did not show a comparable augmentation of aortic flow at the relatively low ITP changes used by Pinsky et al. 14 In Figure 9 , at ITP pressure levels between 0 and 10 mm Hg, there is less than 80 ml/min flow augmentation, or less than an 8% increase in aortic flow, whereas Pinsky et al 14 found a greater than 20% increase in stroke volume at ITP change of 4.1 mm Hg. These two major differences lead us to suspect that some mechanism other than direct ITP effect on the circulation contributed substantially to the increase in stroke volume observed by Pinsky et al. 14 Two possible mechanisms may be considered. First, the cardiac fossa has a compliance that is different from that of the respiratory system, and which is a function of the degree of lung inflation. 28 -29 Thus, at higher lung inflations, the heart may "feel" higher pressures than the rest of the blood compartments in the chest, which in turn can affect the degree of the assist. It is possible that vest inflation, associated with a decrease in lung volume, produces different effects than lung inflation, which can impose some direct surface compression on the heart, in addition to the ITP effect. The resistance of the lung walls to deformation may be the reason for the difference between these two modes of manipulating ITP. Thus, the degree of lung inflation may be an independent factor contributing to the degree of assist. In our experiments, the degree of lung inflation was not an independent factor. We do think that the different effects produced by lung inflation and vest inflation at similar levels of ITP are as yet unresolved and should be clarified in the future. Another possible factor is traction of the pericardium by the descending diaphragm, suggested by Dock, 30 which may contribute to some of the differences between the methods. He showed that as the diaphragm descends, the pressure in the intrapericardial cavity may increase because of traction. However, the significance of such a mechanism during either vest or jet ventilation assist is not clear. Another possible mechanism could be changes in cardiac or vascular parameters causing hemodynamic changes that are not specific for the heartlung interaction.
The sensitivity of the flow augmentation to the various parameters of the model was studied extensively to identify which parameters have the most important effect on flow augmentation. From the sensitivity analysis presented in Table 10 and the data in Figures 7, 8 , and 12, it is evident that E^ is the parameter which has the greatest influence on the degree of flow augmentation during assist by ITP waves. The more depressed the heart becomes, the greater is the augmentation of flow. In addition, the sensitivity of augmentation to E^m is greatest for the low E^, values. An elastance value which results in the best fit of the flow augmentationduration curves (Figures 7 and 8) to the experimental results is close to 0.5 mm Hg/ml. Our experimental measurements showed E^ values of 0.4-1.7 mm Hg/ml in three dogs.
The effects of large changes in the arterial and venous capacitances, pulmonary resistance, and peripheral resistance, assuming no change in other parameters between assisted and nonassisted modes, were minimal. It is still possible, however, that a decrease in peripheral resistance may accompany circulatory assistance as a function of various control mechanisms and further augment the flows. Another possible contribution to the flow during assist may be a rapid increase in contractility. Such an increase in muscle contractility could be anticipated secondary to an increase in the coronary perfusion in a situation when the diastolic coronary pressure is low enough to result in myocardial ischemia. However, flow changes were noted instantly with the application or termination of an assist mode, whereas a mechanism related to changed contractility secondary to altered perfusion should require at least a few beats. Thus, such a mechanism cannot account for the flow augmentations noted in these studies.
At least two additional assumptions of the model may contribute to some inaccuracies in prediction. The first is the assumed linearities of the cardiovascular compartments. The computer model used here is a linear approximation of a nonlinear system. Nonlinear capacitances of the arterial, venous, and cardiac compartments are a general feature of the circulation. Thus, this assumption may have a significant effect on the magnitude of flow augmentation. However, in view of the excellent predictive value of the model for the timing and duration dependency of the flow augmentation, it seems that with the range of parameters studied, the effect of the ITP wave on the circulation can be predicted quite well from a linearized model. The second assumption relates to the distribution of the thoracic pressures. We hypothesized that vest inflation generates relatively uniformly distributed ITP waves. Hence, the model assumes equal transmission of ITP to all intrathoracic blood cavities. Still, local differences in ITP may exist and may modify the general results. In fact, the pressures around the heart in the cardiac fossa may differ to some extent from the pressure around the arteries or veins. 28 Furthermore, local differences in the pressure on Intrathoracic pressure (ITP) wave was synchronous and its duration was 300 msec. 'Consistent with measured vena caval back-flows. tNo flow limitation at the vena cava is assumed. the surface of structures within the cardiac fossa may also exist due to the difference in compression by the surface of the lung under conditions where the lung volume is changed. 28 However, there is too little data at present to come to any definitive conclusion as to the contribution of these effects, especially in light of the ability of the model to predict the observed flow augmentation solely in terms of ITP effects on the cardiovascular structures.
The emphasis of the current study was to investigate the hemodynamic effects of ITP on the systemic circulation. The model, however, did predict augmentation of coronary flow in parallel to, but to a lesser extent than, the augmentation in systemic flow, assuming a fixed coronary resistance value. The decrease in LV stroke work, together with the increase in coronary flow, suggests an improvement of the energy demand/supply ratio, which provides us with a stronger theoretical support for the suggested cardiac assist method.
In summary, a model predicted and experimental data from dogs verified that intrathoracic pressure variations can assist a failing heart by increasing aortic flow. The mechanism by which the heart is assisted is probably a decrease in the LV transmural pressure during ejection. flow augmentation is most sensitive to the degree of left ventricular depression, or E^ value. The optimal condition for circulatory assistance is an intrathoracic pressure rise of 20-30 mm Hg staring synchronously with the onset of ventricular systole, and having a duration of 300-400 msec. Vest-generated systolic ITP waves offer a noninvasive method to provide temporary assistance to the failing heart in critical conditions. The clinical usefulness of the vest system is enhanced because it can generate ITP changes without manipulation of the airway. The model presented here provides a powerful tool to optimize application of this method.
